High-strength Cu 60 Zr 30 Ti 10 bulk glassy alloy with an ultimate compressive strength of 2150 MPa and yield strength of 1785 MPa was produced recently 1 as a result of Ti addition to a binary Cu-Zr alloy. The devitrification behavior of binary Cu-Zr ͑Refs. 2 and 3͒ alloys, ternary Cu 60 Zr 30 Ti 10 , 4 as well as of quaternary Cu-Zr-Ti-Ni, 5 Cu-Zr-Ti-Co, 6 and Cu-Zr-Ti-Pd ͑Ref. 7͒ glassy alloys has been studied. One should note that low ductility ͑inability to deform plastically͒ of the glassy alloys at room temperature prevents their technical application as structural materials. In the present work, we study the formation of an as-cast composite structure in the Cu 50 Zr 30 Ti 10 Nb 10 alloy and report its enhanced ductility compared to ternary Cu 60 Zr 30 Ti 10 alloy.
An ingot of the Cu 50 Zr 30 Ti 10 Nb 10 alloy ͑composition is given in nominal atomic percentages͒ was prepared by arcmelting mixtures of Cu 99.99 mass % purity, Zr 99.7 mass % purity, Ti 99.5 mass % purity, and Nb 99.9 mass % purity in an argon atmosphere. From this ingot, a cylindrical bulk sample, 2 mm in diameter and 50 mm in length, was prepared by copper mold casting. The casting temperature was 1173 K. The structure of the samples was examined by x-ray diffractometry with monochromatic Cu K␣ radiation. The x-ray diffraction ͑XRD͒ pattern for the bulk sample was taken from several cross sections assembled in a holder. Scanning electron microscopy ͑SEM͒ investigation was carried out at an accelerating voltage of 20 kV. A compressive test of the studied alloy was carried out using an Instron-type testing machine at a strain rate of 5ϫ10 Ϫ4 s Ϫ1 , with a strain gauge attached to the sample. The cylindrical sample was 2 mm in diameter and 4 mm in length.
As shown in Fig. 1 , the as-cast structure of the bulk Cu 50 Zr 30 Ti 10 Nb 10 alloy ͑here and elsewhere in the letter referred as the studied alloy͒ was found to consist of metastable glassy and equilibrium oC68 Cu 10 Zr 7 phases. ͑All figures presented in the letter correspond to the studied Cu 50 Zr 30 Ti 10 Nb 10 alloy͒. The lattice parameters of the Cu 10 Zr 7 phase obtained by least-squares fitting of the four strongest peaks in Fig. 1 are aϭ0.9370 nm, bϭ0.9410 nm, and cϭ1.255 nm. They are close to those reported in Ref. 8 indicating that its composition is close to the binary phase; the ''c'' parameter is slightly lower while ''b'' is somewhat larger than that reported in Ref. 8 . Figure 2͑a͒ shows the structure of the as-cast bulk sample. The primary micrometer-size crystals of the Cu 10 Zr 7 phase ͓see Fig. 2͑a͔͒ crystallized from the melt on rapid solidification. The residual liquid phase vitrified as the glassy phase.
Nb has moderately positive mixing enthalpies 9 of 3 kJ/mol, 4 kJ/mol, and 2 kJ/mol with each of the liquid elements: Cu, Zr, and Ti, respectively. 10 This factor is responsible for the reduction of glass-forming ability, 11 compared to Cu 60 Zr 30 Ti 10 alloy, 1 and the primary precipitation of the Cu 10 Zr 7 crystalline phase. Moreover, the Cu-Nb phase diagram shows very limited solubility of Nb in Cu ͑maximum 0.1 at. %͒. 12 It is important that, after partial crystallization of the melt to the Cu 10 Zr 7 phase, the residual liquid solidifies as the glassy phase, thus forming a composite. It is also important to note that both the Cu 10 Zr 7 intermetallic compound as well as the glassy phase in a single phase form show very little plastic elongation at room temperature. 13 For example, the Cu 10 Zr 7 phase was formed at the completion of the devitrification process for Cu 60 Zr 30 Ti 10 and primarily on devitrification of the quaternary Cu-Zr-Ti-Ni alloys. The studies of a͒ Author to whom correspondence should be addressed; electronic mail: dml@imr.tohoku.ac. jp  FIG. 1 . XRD pattern of the as cast bulk sample.
APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 7 16 FEBRUARY 2004 Cu-Zr-Ti-Ni alloys showed that its isomorphic oC68 (Cu,Ni) 10 (Zr,Ti) 7 phase, as for many other intermetallics, prefers faceted morphology. 5, 14 However, Cu-Zr-Ti-Ni alloys containing a primary Cu 10 Zr 7 phase and a small fraction of the residual glassy phase show extremely brittle behavior. Moreover, no improvement of the mechanical properties was found upon partial primary devitrification of Cu-Zr-Ti-Pd alloys. 15 The compressive stress-strain curve for a 4 mm long bulk sample is shown in Fig. 3 . The sample showed Young's modulus of 140 GPa, an ultimate compressive strength of 2000 MPa, a yield strength of 1770 MPa, and plastic deformation of 2.3%. According to the curve shown in Fig. 3 , the alloy exhibits strain hardening, a maximum compressive stress value of 2 GPa at about 2.3%-2.5% of total ͑elastic and plastic͒ deformation and subsequent weakening. Thus, in contrast to the previous results for Cu-Zr-Ti-Ni alloys, 14 the present sample shows significant plastic deformation at a high strength value which is comparable with that of the Cu 60 Zr 30 Ti 10 alloy. 1 Young's modulus of 140 GPa is higher than those ͑114 -130 GPa͒ 1,4,5 of the fully glassy Cu-based alloys due to the partially crystalline structure.
The glassy matrix deforms by the formation and propagation of multiple shear bands in the shear plane, the normal vector which is inclined at an angle of about 45°to the load direction ͓Fig. 2͑b͔͒. 16 On the fracture surface ͓Fig. 2͑c͔͒, one can see the areas with tough fracture. Multiple shape bands are observed on the lateral surface of the cylinder after the mechanical test ͓Fig. 2͑d͔͒. The crystals of Cu 10 Zr 7 phase act as active barriers for shear band formation, enabling multiple shear deformation and preventing sudden brittle rupture. This proposal is supported by the oscillations of stress in the plastic deformation mode observable in Fig. 3 .
In conclusion, a Cu 50 Zr 30 Ti 10 Nb 10 bulk composite alloy formed by copper mold casting showed a high ultimate strength of 2000 MPa, a yield strength of 1770 MPa, and enhanced ductility with 2.3% plastic deformation. The structure studies performed by XRD and SEM showed micrometer-size crystals of the Cu 10 Zr 7 phase embedded in the glassy matrix. It is proposed that these Cu 10 Zr 7 crystals in the glassy matrix act as active barriers to shear band propagation, enabling multiple shear deformation and preventing sudden brittle rupture. 
